Summary Four-year-old seedlings of Picea abies [L.] Karst (Norway spruce) were grown in semi-controlled conditions with three watering regimes. The seedlings in the control group (c) were watered to prevent any dehydration effect. The two remaining groups were subjected to mild (ms) and severe water stress (ss), respectively. The following physiological variables were monitored until ss seedlings began to die: leaf water potential (ψ L ), stomatal conductance (g s ), CO 2 exchange (P N ), free proline content (Pro), total chlorophyll (a + b) concentration (Chl t ) and the maximal photochemical efficiency of photosystem II (F v /F m ). The results indicate that not all observed physiological parameters display the same degree of sensitivity to dehydration. After Day 12 of dehydration, ψ L of ss seedlings was already significantly lower than that of the two other groups. On Day 26, significant differences in ψ L were recorded among all treatments. Decreasing values of water potential were accompanied by early changes in P N , g s and Pro. A significant decrease in Chl t and F v /F m were only observed during the more advanced stages of dehydration. These results demonstrate that the drought response of P. abies seedlings include a number of parallel physiological and biochemical changes in concert, enhancing the capability of plants to survive and grow during drought periods, but only to a point.
Introduction
Water stress limits the potential range of many species by affecting plant production potential and thus establishment and competitive success. The anticipated changes in climate, including changes in precipitation patterns in certain regions on the background of increasing temperatures and atmospheric demand for water, make it imperative to understand species responses to water stress. Considering the sensitivity of Picea abies [L.] Karst (Norway spruce) to soil water supply (Karlsson et al. 1997 , Wallin et al. 2002 , Blödner et al. 2005 ) and its ecological and economical importance in both natural and planted stands of Europe, it is not surprising that observations of P. abies stands showing clear signs of drought stress cause a wide concern.
Because drought is a manifestation of a number of covarying environmental variables interacting with a large number of physiological variables, it is difficult to identify a single physiological variable as an indicator of drought stress in forest tree species. Comparing drought responses of many physiological processes based on a synthesis of available information, Hsiao (1973) proposed a generalized ranking of sensitivity of responses to water stress indexed through the reduction in tissue water potential from that of well-watered plants under mild evaporative demand. In providing the sensitivity chart, Hsiao cautioned that, for reasons of scanty data on some processes and technical difficulties measuring others, the sensitivity rank was based on considerable guesswork. Nevertheless, some of the ranking is fairly certain. For example, the effects of water stress on cell growth and wall synthesis (Hsiao et al. 1976 , Nonami 1998 indeed precedes that on gas exchange. Moreover, while the exact water potential at which gas exchange and the accumulation of osmolytes, such as free proline, begin to respond to water stress remains uncertain, a conservative view is that they are affected at a similar water potential. This early work does not provide information directly bearing on chlorophyll contents, except that protochlorophyll formation is affected at about the same stress level as gas exchange and proline. Among the ranked processes, those related to gas exchange (stomatal conductance and photosynthesis) are thought to be affected over nearly the entire range of declining water potential.
Drought might influence plant growth directly through inhibiting cell growth, or more commonly through a reduction of stomatal conductance and metabolic activity, reducing photosynthesis and the availability of carbohydrates (Dreyer 1997 , Escós et al. 2000 . Keeping leaf water potential above critical values is considered an important sign of drought adaptation and resistance (Lüttge and Scarano 2004 ), but such a response comes at a cost of reduced photosynthesis. Thus, a number of detailed studies have defined the severity of water stress based on sequential response of photosynthesis processes (Stewart et al. 1995, Flexas and . Decreases of leaf water potential resulting from more severely drying soils has often been linked to additional physiological responses (Hinckley et al. 1978 , Procházka et al. 1998 ) such as increases in the production of proline and other amino acids (Hare and Cress 1997) . Further decreases may reduce the activity of enzymes such as ribulose-1,5-bisphosphate carboxylase (RuBisCO), reducing CO 2 fixation. Reductions in pigment content and functional and structural modifications to the photosystem II (PSII) are likewise believed to be drought-induced responses (Baker 1991 , Manes et al. 2001 . The photochemistry of PSII has been extensively studied using chlorophyll fluorescence (Colom and Vazzana 2003) , providing information on the response of plants to environmental stress. Fluorescence can also provide an insight into the amount of damage to the photosynthetic apparatus induced by environmental stress (Maxwell and Johnson 2000) .
Because of the sensitivity of P. abies to soil water supply (Karlsson et al. 1997 , Wallin et al. 2002 , Blödner et al. 2005 and limited understanding of its response to water stress, we assessed the physiological reactions of 4-year-old seedlings and the sensitivity of the reactions to soil water contents below the optimum level in a long-term experiment simulating mild and severe droughts. We assessed the temporal dynamics of and interactions among selected physiological parameters (leaf water potential, photosynthesis, chlorophyll a fluorescence, photosynthetic pigments and free proline content) until the severely stressed seedlings began to die with the aim of identifying the sequence in which they begin to show water stress-induced changes.
Materials and methods

Plant materials and experiment design
Four-year-old P. abies seedlings were grown in 5-l pots filled with homogenized soil under semi-controlled conditions (under a sunroof) from April to August 2007. Air temperature and relative humidity (in degrees Celsius and percent, respectively; datalogger Minikin TH with in-built sensors, EMS Brno, Brno, Czech Republic) and global radiation (in watts per square meter; datalogger Minikin RT with silicone diode sensor) were measured at 5-to 10-min intervals and stored at 10-to 60-min intervals (Figure 1 ). Acquired data were processed using the Mini32 software (EMS Brno, Brno, Czech Republic).
The seedlings were watered using three different regimes to achieve (i) an optimal hydration (control; Table 1), (ii) mild drought stress and (iii) severe drought stress. Watering volumes were calculated using the concept of maximum capillary capacity (MCC). The optimum content of soil water for spruce growth ranges between 60 and 80% MCC (Kutílek and Nielsn 1994, Tužinský 2002) . To estimate the MCC, Kopecky's cylinders filled with soil were placed on filter paper with their ends submerged in water. Soil absorbed water exclusively through the filter paper using a capillary action. When the soil column was fully soaked, water was sucked using filter paper in the steam-saturated glass bell environment. After a 2-h sucking period, the soil column was weighed and soil drained to constant weight in a drying oven. The weight of water content in a fully saturated soil column of a cylinder was determined using the difference between the weight of soil before and after drying. The average MCC of the used substrate and its dry weight were estimated using six samples.
The calculation to the volume of soil in pots served to determine the weight of pots for different levels of capillary saturation (Table 1) . During the course of the experiment, the weight was regularly monitored and kept stable. When the weight approached the lower limit, water was added until (Figure 1 ). The pots of severely stressed seedlings never reached the minimum limit and no water was added. Ten seedlings of each group were subjected to nondestructive measurements, and an additional five seedlings were sampled for analyses. Measurements and sampling were conducted on new shoots of the seedlings. Needle water potential (PSY PRO, Wescor, USA) measurements were performed approximately weekly. In the first stage of the experiment, non-destructive analyses (net CO 2 exchange rate and chlorophyll a fluorescence) were performed at a 10-day interval. In the second stage of the experiment, when water potential values in the severely stressed group dropped to −2 MPa, the frequency was increased to a 5-day interval. Samples for free proline content analyses were taken twice during the first half and twice during the second half of the experiment. Sampling for chlorophyll assessment was done at the beginning and at the end of the experiment, on Days 0 and 42.
Determination of chlorophyll content
The current-year needles were homogenized in 80% acetone at room temperature with a small amount of magnesium carbonate. The chlorophyll contents (Chl a, Chl b and Chl a + b) were determined using spectrophotometry (Cintra, GBS Australia) at 470, 646 and 663 nm and were calculated according to Lichtenthaler (1987) . Pigment contents and total chlorophyll content (Chl t ) were calculated on a dry weight basis.
Determination of free proline content
Free proline was extracted and measured as described by Bates et al. (1973) . Approximately 0.5 g of current-year needles was homogenized with 10 ml of 3% (w/v) aqueous sulfosalicylic acid solution. The homogenate was centrifuged at 3000g for 20 min. The supernatant was treated with acidninhydrin boiled for 1 h. The reaction was terminated in a water bath at a room temperature (25°C) for 10 min. The absorbance at 520 nm was determined using L-proline as a standard. Proline contents were expressed in micrograms per gram per unit fresh weight.
Gas exchange measurements
Net CO 2 exchange rate (P N ) and stomatal conductance (g s ) were measured on one current-year shoot per plant between 7 and 11 AM using an open IR system (CIRAS-01, PP Systems, England). A 10-cm section of a shoot containing approximately 10 cm 2 of leaf area (projected) was enclosed into the chamber. The CO 2 concentration was kept at 350 p.p.m. Mimicking the conditions of natural regeneration, photosynthetically active radiation was set to 250 μmol m −2 s −1 . The temperature control was set to 20°C and the vapour pressure deficit (D) ranged roughly from 1.8 to 2.3 kPa. During the last measurement campaign, the temperature was raised to~26°C, raising the D as well.
Chlorophyll fluorescence measurements
Chlorophyll a fluorescence measurements were taken using a chlorophyll fluorimeter (Plant Efficiency Analyser, Hansatech Ltd, Kings Lynn, UK). The sample was irradiated by a saturated impulse following a 30-min darkness adjustment. The interval was considered sufficient to cease electron transport in thylakoid membranes; the transthylakoid pH gradient fell after darkness adaptation to a minimum level (Roháček and Barták 1999) . Two measurements were usually taken from each seedling to determine: 
Data analysis
Differences of physiological variables among water regimes (fixed-effect factor) were tested using one-way ANOVA at each measurement date. Means were compared using Duncan's multiple range tests, at a significance level P < 0.05. The statistical analysis was performed employing STATISTICA 5.5.
Results and discussion
Although the elegant sensitivity ranking proposed by Hsiao (1973) lacks the form of the function describing the rate of change of a process with respect to change of water potential and does not recognize that the response of gas exchange to water potential reflects the role of stomata in regulating water potential (Sperry et al. 1998 , 2002 , Oren et al. 1999 , it has focused and promoted research on plant water relations for decades. Furthermore, while the ranges of leaf water potential associated with the different physiological responses shift among species depending on the species' functional and structural properties and the definition of the ranges change depending on experimental design and methodology, the overall pattern remains similar to those first reported (Hsiao et al. 1976 , Ismail et al. 1994 , Arndt et al. 2001 , Sofo et al. 2008 .
Temporal dynamics in physiological responses to soil water availability
We assessed the dynamics of and interactions among selected physiological parameters until the severely stressed seedlings started to die to identify the sequence in which they begin to show water stress-induced changes. Of the measured variables, leaf water potential (ψ L ) responded to decreasing water availability early in the experiment. Significantly lower va-lues were observed on Day 12 in the severely stressed seedlings, and all groups differed by Day 26 (Figure 2A ). Even earlier than ψ L , the stomatal conductance (g s ) and CO 2 exchange rate (P N ) significantly decreased in the severely stressed seedlings (on Day 8; Figure 2B and C). Both variables were within the range found for young needles of maturing and mature P. abies trees (Oren et al. 1986 , Zimmermann et al. 1988 , Ward et al. 2008 ). In the control group, seedlings also showed a decrease of P N compared to values recorded at the beginning of the experiment. These seedlings, though not suffering from dehydration, were most probably affected by long-term extreme temperatures. From Day 16 to 30, the maximum average day temperature climbed to 31.5°C in the shade (with a maximum close to 36°C; Figure 1A ). In the mildly stressed group, P N and g s decreased after a longer period without watering. Following watering (Days 27 and 42), these seedlings displayed higher average g s than seedlings from the control group, yet statistically significantly so on Day 42 only.
Observations of the foliar proline content (Pro) were within the range found in other stressed and unstressed conifers (Viskari et al. 2000, Yao and Liu 2007) . A statistically significant increase in Pro was seen in the severely stressed group on Day 12 and through the rest of the experiment, while Pro in the mildly stressed seedlings was higher than that of the control seedlings only at the end of the experiment ( Figure 2D) .
Values of chlorophyll a + b content (Chl t ) were higher than those of maturing and mature P. abies trees, but there are many factors affecting the concentrations so the cause of the difference is difficult to ascertain (Oren et al. 1993 ). Significant differences in Chl t were found between the group of severely stressed seedlings and the other groups (seedlings subjected to mild drought stress and non-stressed seedlings) after 36 days of treatment (Table 2) . Chl a and Chl b decreased in parallel and the Chl a/b ratio remained unchanged (not shown). Mild stress did not affect the chlorophyll content.
The electron transport chain and its associated processes are both relatively resistant to drought stress. In our experiment, the maximal photochemical efficiency of PSII (F v /F m ) was stable up to Day 27 of the experiment, after which it sharply decreased in the severely stressed seedlings, dropping by 36% from their initial values ( Figure 2E ). Mildly stressed seedlings did not respond by lowering their F v /F m .
A number of the observed variables responded to severe drought, but not to mild drought (Figure 2 ). Tian and Lei (2006) suggested that drought-induced stress led to lipid peroxidation due to accumulation of hydrogen peroxide. In plants under mild drought stress, they recorded increased resistance against oxidative damage. In severely stressed plants, a significant decrease in the activity of antioxidative enzymes led to compromised resistance of the affected plants. 
Gas exchange and leaf water potential
Of the variables monitored in our study, g s and P N were the first to show decline as drought intensified, followed by ψ L (Figure 2) , consistent with the role of stomata in regulating plant water potential ( Figure 3A ; Sperry et al. 1998 , Oren et al. 1999 , Arndt et al. 2001 ). As has been often shown, including in studies on P. abies (Zimmermann et al. 1988 ) and those manipulating water availability (Ismail et al. 1994 , Arndt et al. 2001 , P N and g s were strongly correlated ( Figure 3B ). However, stomatal regulation of water potential should result in a poor correlation between transpiration rate (T) and g s , at least as long as the regulation is successful (Arndt et al. 2001 ), but such correlation emerged in our data ( Figure 3C ) as well as in data on Averrhoa carambola (Ismail et al. 1994 ). While gas exchange variables are sensitive enough to respond to even a mild water stress, these variables are also highly responsive to fluctuations in light availability and D. Thus, to be able to isolate drought effects, it is required that other environmental conditions are standardized. For example, in this study, to simulate below-canopy conditions, the light level was maintained very low and similar throughout (~20% of full sunlight). Stomatal conductance decreased with increasing D much more than is necessary to maintain T approximately constant (dashed line in Figure 4 ; after Oren et al. 1999) , causing a drastic reduction of T and P N ( Figure 3B and C). It is interesting to note that stomatal response to changing D of these seedlings, growing at low light, followed just above the line, reflecting a nighttime, non-hydraulic regulation of g s in Taxodium distichum L. trees growing in a swamp forest ), but below the line of P. abies trees in chambers (Ward et al. 2008) . Such high sensitivity allows stomata to remain open in the dark in case light con- ) and g s at D = 1.93 kPA was set to 0.6; see Oren et al. 1999] . For the solid line, the ratio r = 1.3. Symbols as in Figure 2 ; dotted symbols represent the first measurements on the eighth day. Small symbols represent leaf temperatures (T l ) of~26°C, while the rest of the measurements were carried out at T l of~20°C.
ditions improve (such as at sunrise or during sunflecks under the canopy) but also supports conservation of water if D increases without the CO 2 uptake benefits of improved light. Thus, the stomatal response to D observed in this study might seem unrelated to regulation of water potential. The response of g s to D shows several additional interesting features. First, increased temperature decreased the sensitivity of g s to D, resulting in stomatal behaviour that appeared more in line with regulating transpiration to regulate ψ L (Figure 4) . Second, watering the mildly stressed seedlings produced similar results when measurements were made soon after. And third, despite the variability in g s attributable to steady-state (D, temperature) and dynamic (recent watering) influences, the large variation in g s resulted in ψ L maintained within a fairly narrow range, except when drought became so severe as to cause a large decrease in ψ L even as g s remained low ( Figure 3A) . Assuming that g s and leaf-specific hydraulic conductance are correlated (Ewers et al. 2000 , Addington et al. 2004 , Kim et al. 2008 , Ward et al. 2008 , Domec et al. 2009 ), the decline in g s and T (a decrease to about 30% of maximum in both; Figure 3A and B) over the range in which ψ L was relatively similar indicates that the driving force for water flow (leaf-to-soil water potential gradient) was largely unaffected. In the severely stressed seedlings and over the range of g s where ψ L greatly declined, T decreased faster than g s , suggesting that the decrease in ψ L was not large enough to maintain water flow due to a concurrent decline in soil water potential.
Under these conditions, the photosynthetic apparatus was not functioning well, resulting in high leaf-internal concentration of CO 2 (not shown) and in respiration rates high enough to generate negative P N ( Figure 4B ). Decrease in photosynthetic rate during water stress has been shown to correlate well with a reduction of RuBisCO activity (Bertamini et al. 2006) . The fact that our mildly stressed seedlings displayed higher P N after watering than control group seedlings (Days 27 and 37) might be due to adjustments that supported a greater g s as well as to improved resistance of droughtstressed seedlings against thermal stress resulting from improved protection of oxygen-evolving complex and reaction centres (Lu and Zhang 1999) .
Our results are similar to those from studies of young A. carambola and Ziziphus rotundifolia seedlings experiencing progressively increasing or different degrees of water stress where conductance and photosynthesis declines preceded the decline in water potential (Ismail et al. 1994 , Arndt et al. 2001 . In contrast, olive trees (Olea europaea L.) subjected to water deficit lowered tissue water content and potential, causing a secession of canopy growth, but maintained transpiration, and thus photosynthetic activity, through increased leaf-to-soil water potential gradient (Sofo et al. 2008) . Nevertheless, as drought progressed further in their study, osmotic adjustment due to the accumulation of osmolytes such as proline and activities of antioxidant enzymes increased and results became more similar to ours. At severe drought stress levels, the non-stomatal component of photosynthesis was inhibited and a light-dependent inactivation of the PSII occurred (Sofo et al. 2008) .
Water stress-induced accumulation of free proline and photoinhibitory damage
As indicated in Hsiao's (1973) ranking, the response of Pro to water stress did not lag much behind that of gas exchange, increasing markedly in severely stressed seedlings ( Figure 2D ), even after adjustment for decreases of leaf water content ( Figure 5A ). Our data indicates a linear increase in proline concentration with decreasing ψ L , similar to A. carambola and Z. rotundifolia seedlings (Ismail et al. 1994 , Arndt et al. 2001 The reduction in the rate of CO 2 assimilation under adverse environmental conditions, blocking the normal dissipation of the light-induced high-energy state, exposes chloroplasts to excess excitation energy and increases the rate of formation of reactive oxygen intermediates (Smirnoff 1993) . Proline accumulation is a common adaptive response of plants to environmental stress (Hare and Cress 1997) . In severely droughtstressed Z. rotundifolia leaves, high leaf nitrate reductase activities were accompanied by increases in proline concentration, an indication of the osmoprotective effect of proline (Arndt et al. 2001) . Proline is also involved in the regulation of cellular redox potential, reducing stress-induced cellular acidification and priming oxidative respiration-associated with increased maintenance respiration during stress-to provide energy needed for recovery (Hare and Cress 1997) . The negative net CO 2 exchange observed as drought intensified for the severely stressed seedlings ( Figure 3B ), similar to that found with Z. rotundifolia (Arndt et al. 2001) , may reflect such processes.
Water deficits can appreciably drop the level of ascorbic acid in needle cells of P. abies (Kaminska-Rozek and Pukacki 2004) and other low-molecular antioxidants consistent with their utilization in the process of scavenging free radicals (Alia et al. 2001) . Drought stress of Populus przewalskii Maximowicz increased hydrogen peroxide content causing oxidative stress to lipids and proteins and reducing growth (Lei et al. 2007 ). To negotiate drought, as water potential dropped, the trees activated antioxidant enzymes and accumulated several amino acids capable of osmotic adjustment, although in that study free proline did not increase appreciably. Proline, an osmolyte but also capable of detoxifying the free radicals, arrests photoinhibitory damage of thylakoid membranes, maintains the integrity of chloroplast membranes and protects the oxygen-evolving complex in PSII (Papageorgiou and Murata 1995), thus enhancing photochemical electron transport activities (Hare and Cress 1997, Ain-Lhout et al. 2001) .
Despite the protection offered by Pro and other antioxidants, the chlorophyll content decreased but only in severely stressed individuals (Table 2) as has been found elsewhere (Manes et al. 2001 , Duan et al. 2005 , Yanbao et al. 2006 . Ismail et al. (1994) identified such a decrease occurring in leaves of A. carambola seedlings following a week of severe drought as water potential dropped below −1.0 MPa, dropping further with ψ L but at a lower rate. Our sampling frequency did not permit identifying the specific point in which it was affected by drought. Less severe droughts caused a reduction of α-and β-carotene levels in P. abies seedlings, suggesting an increase of oxidative stress induced by active oxygen species accumulation, yet chlorophyll concentrations were unaffected (Kronfuss et al. 1998) , consistent with our mildly stressed group.
Among the variables measured more frequently, chlorophyll a fluorescence parameters were least sensitive to drought and a significant fall of F v /F m was found only towards the end of the experiment in severely stressed seedlings ( Figure 2E ). The average F v /F m recorded on Days 42 and 48 was below 0.72 and 0.6, respectively. Bolhar- Nordenkampf et al. (1992) considered these values evidence of a strong, if not irreversible, physiological malfunction, a change occurring after CO 2 uptake has long been severely restricted (1996) . Many studies showed similar reductions of F v /F m with drought (e.g., Zhang 1998, Subrahmanyam et al. 2006) . One study on P. abies (Pukacki and Kaminska-Rozek 2005) observed a drop similar in timing and amount to that observed in our study, while another (Bigras 2005) observed the initial drop of F v /F m at ψ L ranging from −1 to −2 MPa, somewhat higher than the ψ L associated with the steep decline in this study ( Figure 5B ). Although chlorophyll fluorescence appears to be a relatively reliable indicator of drought stress in P. abies and can be easily obtained, it appears to react to drought only when water stress effects are severe, just before the seedlings began to die in this study.
Our experiment could have suffered from a confounding effect-a temperature rise of the setting and one measurement period (Figure 1 ) with clear effects on g s (Figure 4) . Heat stress can cause many morphoanatomical, physiological and biochemical changes in plants, including adverse impacts on photosynthesis, respiration, water relations and membrane stability, and can also modulate levels of metabolites (Wahid et al. 2007 ). To cope with heat stress, plants employ some of the same mechanisms they use to cope with water stress, including the accumulation and adjustment of osmolytes, such as Pro, which may also permit PSII to function by serving as an alternative electron donor. However, except for the effect seen on g s , data for all other variables show no peculiar behaviour, fitting well with the rest in all relationships (Figures 3 and 5) .
Consistent with a few other studies on trees, these data demonstrate that, among the fast-responding variables, Pro is the least volatile, making it the preferred variable for identifying the onset of drought effects on tree leaves, even with the background of high temperatures. Although water stress developed at a different rate among the treatments and reached different intensities, the physiological responses were conserved across treatments (Figures 3 and 5) , which only affected the time at and degree to which the responses were manifested. Furthermore, unlike deciduous species (e.g., Z. rotundifolia; Arndt et al. 2001) , evergreen species cannot shed all their leaves, enter dormancy and endure dry periods without needing to transpire. In our experiment, the P. abies seedlings simply died. Thus, the range of response of evergreen species to different drought intensities indicates a lower degree of plasticity than that of deciduous trees.
